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ABSTRACT 


The  electrolysis  of  solutions  of  compounds  containing 
nitrogen  and  oxygen  dissolved  in  anhydrous  HF  was 
initiated  as  a  means  of  synthesizing  N-O-F  compounds. 
Data  are  presented  on  the  HF-N^O^  system,  particularly 
its  electrical  properties;  information  also  is  pre¬ 
sented  on  electrode  materials. 

Platinum  has  been  found  to  be  a  satisfactory  reference 
electrode  in  anhydrous  HF  for  monitoring  changes  in 
electrode  potential  during  electrolysis. 

The  electrolysis  of  HF-N-0,  and  of  HF-HN0_  solutions 

AH  ) 

near  0  C  has  yielded  substantial  quantities  of  NO^F 
and  OF,,  This  synthesis  of  N0»F  demonstrates  for  the 
first  time  that  a  compound  containing  the  -  NOF  group 
con  be  prepared  electrochemically .  At  -20  C,  the  elec¬ 
trolysis  of  HF-NgO^  yielded  0^  in  addition  to  NO^F 
and  OF^.  The  0.^  prepared  by  this  method  showed  an 
unusual  degree  of  stability  toward  explosive  decompo¬ 
sition.  The  effect  of  additives  and  of  changes  in 
experimental  conditions  is  discussed. 

The  results  of  electrolysis  on  the  HF-NO  and  HF-FNO 
systems  are  also  presented  Data  on  the  solubility 
of  N2O  in  Iff  are  reported. 
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INTHODUCT ION 


This  program  was  directed  toward  the  synthesis  of  new  compounds  contain¬ 
ing  nitrogen,  oxygen,  and  fluorine  An  additional  goal  was  to  devise 
new  routes  to  existing  compounds  which  are  difficult  to  prepare  by 
laioim  routes  The  approach  which  was  chosen  was  the  electrolysis  of 
solutions  of  compounds  of  nitrogen,  oxygen,  and  fluorine  dissolved  in 
aniiydrous  hydrofluoric  acid,  because  it  offered  unique  preparative 
possibilities  It  was  also  capable  of  providing  relatively  large  yields 
of  products,  particularly  \dien  compared  to  other  electrical  methods 
such  as  the  glow  discharge 

The  probability  of  synthosi7ing  relatively  unstable  N-O-F  compounds 
by  electrolysis  was  expected  to  be  increased  by  the  low  temperatures 
of  operation  wli  h  were  used  in  this  work  The  elimination  of  organic 
compoiuids.  precluding  the  fonuation  of  stable  CF^^.  was  also  expected 
to  materially  increase  the  possibility  of  forming  these  compounds.  This 
resenrcli  was  also  aided  by  the  presence  of  nitrogen-oxygen  compounds 
whei’e  the  nitrogen  was  .  1  ready  in  the  *2.  +4.  or  +5  valence  state, 

compared  to  iiitrogen-hydiogen  compounds  wliere  the  nitrogen  formally 
showed  negative  valeiiic  In  addition  the  probability  of  terminating 
the  reaction  prematurely  with  a  stable  intermediate,  such  as  nitrogen, 
was  lessened  Finally,  chances  of  explosion  both  in  the  coll  and  in 
the  traps  were  reduced  because  readily  oxidizable  materials  were  a  sent. 

The  need  for  the  lowest  possible  voltages  to  avoid  complete  f luoriiiation 
to  XF_  and  01^^  is  ai>|>areiil  A  definite  effort  has  been  made  to  keep 
voltages  at  a  minimum,  thereby  increasing  the  chan,  es  of  syntlicsizing 
relatively  luistable  compoiuids  Tliii  effort  was  aided  by  the  cathodic 
dep  rizing  action  of  the 
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The  first  experiments  were  conducted  vith  ^2^4’  nitrates 

also  were  used.  The  electrolysis  of  these  compounds  dissolved  in 
anhydrous  HF  could  be  expected  to  present  corrosion  difficulties  noi. 
normally  encountered  in  the  electrolysis  of  fluorides,  because  of  the 
presence  of  strong  nitrogen  oxidizers.  Therefore,  knowledge  of 
metallic  corrosion,  under  nonelectrolytic  as  well  as  anodic  conditions, 
was  considered  necessary.  In  addition,  becuv.se  ^2^4  expected 

to  behave  differently  than  those  compounds  previously  electrolyzed  in 
IIF  solution,  some  insight  into  the  IIF-N^O^  system  and  into  the  behavior 
of  electrodes  in  such  a  system  also  was  considered  necessary.  Therefore, 
to  maximize  the  probability  of  success,  and  to  avoid  false  starts  if 
possible,  it  was  decided  to  initiate  the  research  program  with  a  pre¬ 
liminary  investigation  to  obtain  the  above  information.  Experiments 
were  conducted  to  obtain  sufficient  data  to  reach  the  above  objectives; 
a  thorough  interpretive  analysis  was  not  considered  warranted. 


The  system  IIF-N,,0  has  been  investigated  (Ref.  1  ).  Mixtures  of 
and  IIF  have  been  used  for  nitration  (Ref.  2  ).  According  to  Darmois 
(lief.  3  ),  nitric  acid  dissolved  in  IIF  dissociates  to  NO^  and  a  proton 
trapped  between  IIF  molecule;:,  although  he  stated  that  this  is  contrary 
to  the  generally  accepted  view  that  IINO^  acts  as  a  base  in  IIF. 

Fredenhagen  (Ref.  4  )  reported  that  the  addition  of  KNO^  to  anhydrous 
IIF  is  accompanied  by  tlie  evolution  of  nitrous  gases  and  the  formation 
of  a  colorless  solution.  However,  solutions  of  KNOg  in  IIF  gave  a  violet 
coloration  wlien  NO  was  added  (llef.  5  )»  the  color  being  attributed  to 
the  postulated  fonnation  of  N,,0,j^  ion  from  NO^FIIF  .  Similar  results  were 
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also  obtained  ^en  N^O, ,  N.0_,  and  INO  were  substituted  for  KN0„.  Much 

2  4  2  3  2 

work  (Ref.  6  )  has  been  done  in  the  electrolysis  of  all  types  of 
heterocyclic  bases  euid  other  nitrogen-containing  organic  compounds  such 
as  N,  N-dimethylformamide  dissolved  in  anhydrous  hydrogen  fluoride. 

No  inorganic  N-O-F  compounds  have  resulted  from  this  work,  although  NF^ 
was  often  a  product. 
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DISCUSSION 


CHEMICAL  AND  ELECTROCHEMICAL  DATA 

This  program  was  started  with  experiments  directed  toward  elucidation 
of  the  HF-N^O^  system  and  its  electrochemistry  to  obtain  sufficient 
information  to  plan  and  to  interpret  preparative  experiments 


Reaction  of  IIF  With  N'^04 

The  addition  of  N„0  to  IIF  to  form  a  colorless  solution  (mole  ratio 
IIF;N„0^^  =  14' l)  13  accompanied  by  hissing  and  the  copious  evolution 
of  fumes  Nlien  destroying  these  solutions  by  the  dropwise  additij.i 
of  water,  very  little  evolution  of  white  fumes  (from  HF) ,  but  copious 
evolution  of  b  fumes,  occurs.  Apparently  the  water  displaces  the 
fro'u  iliP  products  of  the  IlF-N^^Oj^  reaction  During  this  work  a 
green  color  formed  in  the  solution,  and  the  conditions  of  formation 
were  investigated  The  addition  of  0  083  mole  of  ice  to  a  cold  solu¬ 
tion  of  0  030  mole  of  N„0,  in  0  3-  mole  of  IIF  caused  the  evolution  ..f 
b.  :  fiunes  and  the  fornuition  of  a  blue  color  (probably  ^’2^3^  near  the 
ice,  but  the  solution  became  colorless  after  mixing  The  further 
addition  of  0  030  mole  of  ice  caused  a  green  color  to  appear  wliich 
darkened  upon  the  addition  of  more  ice  This  color  tculed  very  slowly 
ov'cr  a  period  of  seveial  hours  with  the  evolution  of  b  own  fumes. 

The  condition.-  of  formation  did  not  appear  to  be  critical,  and  the 
green  color  as  produced  by  several  other  atios  of  IIF,  ^2^4 
and  by  IIF.  VaNO,^  and  II„0  No  reference  to  the  formation  of  a  green 
color  in  IIF  has  been  found,  although  a  violet  IIF.  attributed  to  the 
formation  of  an  1011.  has  been  reported  (Hef  3  ) 
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Current- . oltage  Relationahipa  of  the  Electrolytic  Cell 

The  current  between  two  nickel  electrodes  was  measured  as  a  function  of 
the  composition  of  IlF-N^Oj^  solutions  in  an  open  Kel-F  beaker.  The  pri¬ 
mary  objective  was  to  find  the  composition  or  compositions  at  which 
the  current  was  at  a  maximum,  for  a  constant  applied  voltage. 

The  apparatus  described  in  the  experimental  section  under  Electrolysis 

Procedure  1,  was  employed.  Current  peaks  (Fig.  1  )  were  obtained  for 

IIF-NgO^  at  mole  ratios  (lIF  N^O^)  of  400 •!  and  36:1.  The  first  is 

thought  to  be  a  result  of  electrolysis  of  impurities  in  the  HF,  and  the 

second  a  result  of  normal  electrolysis  of  IIF-N^O^  solutions.  The 

decrease  in  current  after  the  second  peak  is  very  slow  and  is  probably 

a  dilution  effect  caused  by  excess  N»0, . 

J  2  4 

Thermodynamic  calculations  based  on  the  free  energies  of  reaction  in 
this  electrolysis  have  indicated  that  NO  and  H^O,  rather  than  II^,  are 
the  most  likely  cathodic  products  jf  the  electrolysis  of  IIF-NgO^ 
solutions. 


Corrosion  Tests 


Several  metals  were  tested  for  corrosion  resistance  in  a  solution  of 
N,,0^  (3  9  mi  1  li  li  ter.'- ,  02  m  moles)  in  HF  (47  milliliters;  2320  m  moles). 
These  were  nickel,  loiiel,  llastelloy-C,  Inco  A,  and  ^’ype  321  stainless 
steel  The  metal  strips  and  rods  were  mounted  in  Teflon  to  prevent 
electrical  contact,  tlien  placed  in  a  Kel-F  tube  containing  the  solution 
and  permitted  to  stand  for  17  hours  at  about  18  C.  The  tube  was 
stoppered,  but  no  other  attempt  was  made  to  exclude  moisture.  The 
amoimt  of  corrosion,  as  determined  by  weight  loss,  was  negligible. 
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Figure  1.  Cell  Conductance,  de,for  IlF-  Using  Nickel  Electrodes 
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Over-all  Cell  Impedance 

Electrical  measurements  using  direct  current  on  the  HF-N^O^  system  were 
reported  above.  These  measurements  were  extended  to  alternating 
currents  to  minimize  electrode  polarization  and  are  described  below. 

The  measurements  of  over-all  cell  impedance  at  several  frequencies  and 
voltages  using  platinum  wire  electrodes  were  made  on  solutions  of 
HF-NgO^  (mole  ratio,  31  l)  at  0  C  m  an  open  beaker  The  results 
(Fig.  2  )  show  the  expected  decrease  in  impedance  with  an  increase  in 
applied  potential  at  frequencies  below  1000  cycles 

The  over-all  cell  impedance  was  measured  as  a  function  of  IIF-N^O^ 
ratio,  at  1000  cycles,  0  C  and  0  5  v  rms  Minima  in  impedance  at 
ratios  of  48; 1  and  35‘ 1  can  be  seen  in  a  plot  of  the  data  (Fig  3  ) 
During  the  experiment  it  was  observed  that  the  readings  were  quite 
unsteady  until,  at  approximately  35  1.  fluctuations  in  the  current 
readings  suddenly  ceased 

A  rough  indication  of  the  specific  conductivity  of  HF-N^O^  at  0  C 
was  found  by  filling  the  same  cell  used  in  the  above  work  with  NaCl 
solution  and  comparing  the  result  with  the  impedance  when  filled  with 
1IF-N,j0^  (mole  ratio,  31 ’l)  The  data  indicate  tlie  specific  conduc¬ 
tivity  of  the  IIF-N^O,  solution  of  the  some  order  of  magnitude  as 

-1  -1  -1 

saturated  aqueous  NaCl  at  0  C  ( 10  olim  cm  ) 
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Figure  2.  Effect  of  Frequency  on  Cell  Inpedance  When  Filled 
With  HF-N264,  Mole  Batio  31:1 
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Effect  of  Intermittent  Direct  Current  on 
Apparent  Cell  Reaiatance 

It  was  anticipated  that  it  might  prove  necessary  during  the  course  of  this 
work  to  conduct  an  electrolysis  at  very  low  current  levels,  primarily  to 
decrease  the  amount  of  heating  caused  by  the  passage  of  current. 

A  transistorized  pulse  generator  was  built  which  has  enabled  cell  operation 
at  low  average  current  and  voltage  levels.  The  effect  of  using  this 
device  was  to  reduce  the  power  losses  at  a  given  average  current.  As  can 
he  seen  (Fig.  4  ),  the  reduction  became  more  pronounced  at  the  lowest 
current  levels.  Pulse  rates  were  usually  about  5  pulses/sec  and  pulse 
widths  about  20  percent  of  the  total  period . 


Effect  of  Extended-Time  Electrolysis 

An  electrolysis  for  an  extended  period  of  time  was  carried  out  on  HF- 

NgO  (mole  ratio,  31  l)  m  the  smaller  electrolysis  cell  without  the  cell 

cover  A  plot  of  current  against  time  (Fig.  3  )  shows  that  after  an 

initial  rise  the  current  decreased  and  leveled  off  until  additional  N.O, 

2  4 

was  added.  The  current  increased  again  and  then  proceeded  to  decrease. 

A  second  addition  of  caused  a  much  smaller  rise.  For  the  synthetic 

work,  it  vould  normally  be  desirable  to  cease  operation  of  the  cell  when 
the  current  decreases  significantly.  Otherwise,  interpretation  of  the 
results  would  be  unduly  complicated  by  the  change  in  electrolyte  composition. 
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Figure  4.  Coaparison  of  Pure  de  and  Pulsed  de  in  Electrolysis  of  HF-N„0 
(Mole  Batio  31:1)  With  Nickel  Electrodes  in  Apparatus,  Fig.  11 
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Polarization  Curves  of  HF-N2O4  Solutions 


Electrolysis  of  IlF-NgO^  solutions,  in  the  mole  ratio  of  18:1,  using 
Electrolysis  Procedure  2  with  nickel  electrodes  in  an  open  beaker,  is 
shown  in  Fig.  6  The  substitution  of  platinum  for  the  nickel  cathode 
had  little  effect.  However,  the  substitution  of  a  platinum  anode 
caused  a  significant  increase  in  current  density  at  a  given  applied 
voltage.  The  use  of  platinum  for  both  the  anode  and  cathode  electrodes 
resulted  in  an  almost  identical  curve  and  an  additional  increase  in 
cell  current  at  a  given  applied  voltage. 

The  data  from  an  experiment  using  a  palladium  anode  with  a  nickel 
cathode  show  a  sharp  break  in  the  curve  at  1.7  volts  and  6  milliamperes ; 
however,  gas  evolution  did  not  start  until  the  current  was  changed  to 
130  milliamperes  at  2.0  volts  The  remainder  of  the  curve  was  similar 
to,  but  below,  the  platinum  curves  As  might  be  expected  from  the 
delayed  start  of  gas  evolution,  attack  on  the  palladium  was  very  severe. 

Dissolution  of  both  nickel  and  platinum  also  was  noted,  reaching  3  to 
10  percent  based  on  the  current  passed  (assuming  a  valence  change  of 
two  for  nickel  and  four  for  platinum) 


Electrolysi  s — Area  Effects — IlF-NjOz, 


Two  nickel  electrodes,  19  5  millimeters  and  30  millimeters  in  width, 
were  used  nlternatelj’  as  anode  and  cathode  (Electrolysis  Procedure  l). 
Significantly  higher  currents  were  measured  when  the  larger  electrode 
was  used  as  the  anode  For  example  at  7  0  volts,  190  milliamperes  were 
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Figure  6.  Electrolysis  of  HF-N  0  (Mole  Ratio  36:1) 
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measured  with  the  narrow  anode,  and  330  milliamperes  with  the  wide  anode. 
With  two  wide  electrodes,  the  curve  was  almost  identical  to  that  obtained 
with  the  wide  anode  and  narrow  cathode. 


Polarization  Curves  of  HF  Solutions  With  Two- 
Electrode  Systems 

Data  (Fig.  7  )  from  the  electrolysis  of  HF  (open  Kel-F  beaker,  Electrol¬ 
ysis  Procedure  2,  nickel  electrodes),  compared  with  that  obtained  from 
the  electrolysis  of  lIF-ll^O.  indicate  that  water,  a  usual  impurity  in 
HF,  may  be  responsible  for  the  break  in  the  HF  curve  at  3*6  volts.  The 
HF-N^O^  system  showed  a  similar  break  at  2  4  volts.  It  is  highly 
significant  that  in  this  latter  system,  gas  evolution  was  not  observed 
at  the  cathode,  consistent  with  the  hypothesis  derived  from  free 
energy  data  that  NO  and  H^O  are  cathodic  products,  as  discussed  pre¬ 
viously  (it  was  established  in  other  experiments  that  NO  is  soluble  in 
HF)  The  electrolysis  of  HF  with  platinum  electrodes  was  included  for 
comparative  purposes  The  portion  of  the  curve  that  has  a  negative 
slope  was  correlated  with  an  observed  rapid  attack  of  the  anode. 

In  electrolysis  work,  considerable  importance  is  usually  attached  to  a 
relatively  low  electrode  potential  to  prevent  decomposition  of 
desirable  products  As  can  be  seen  ^Fig  6  ),  the  use  of  another 
electrode  material,  such  as  platinum,  will  result  in  milder  operating 
conditions  by  permitting  lower  voltages  to  be  used.  On  the  other 
hand,  should  more  severe  conditions  be  desired,  then  monel,  with  a 
higher  overvoltage  than  nickel,  could  be  used  os  the  anode. 
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0,  GAS  EVOLUTION  STARTS  AT  ANODE 
e,  GAS  EVOLUTION  STARTS  AT  CATHODE 


0  0.2  0.4  0.6  0.8 

CURRENT,  AMPERES 

Figure  7.  Electrolysis  of  HF  and  HF-H^O  (Mole  Ratio  17:1) 
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Electrode  Potential  Meaaurements 

The  Tvo-Electrode  Svetem.  It  was  desirable  to  obtain  information  on  whether 
the  anodic  or  cathodic  reactions  principally  govern  the  electrolyses.  Two 
methods  have  been  used  to  effect  this  understanding.  Figures  6  and  7 
represent  polarization  curves  obtained  experimentally  using  two  electrodes. 
Rate  limiting  processes  can  be  assigned  tor  specific  values  of  applied 
potential  However,  witnout  additional  information,  it  is  not  normally 
possible  to  state  with  any  certainty  whether  a  particular  rate  controlling 
process  is  a  result  of  oxidation  or  reduction  (i  e.,  anodic  or  cathodic 
process).  To  be  sure,  such  information  using  two-electrode  systems  is 
obtained  in  most  polarographic  work  Inder  these  conditions  ve  start 
with  the  a  priori  knowledge  that  one  of  the  electrodes  is  nonpolarizable 
(usually  the  anode);  i .e  ,  one  electrode  is  capable  of  supporting  any 
current  at  potential  studied,  so  that  any  limiting  current  can  be 
assigned  with  certuintv  to  a  process  occurring  at  the  other  electrode. 

The  bulk  of  the  literature  dealing  with  potential  measurements  in  liquid 
■IF  18  concerned  with  evaluation  of  equilibrium  potentials,  which  are 
subsequently  used  in  the  evaluation  of  free  energies  The  literature 
has  little  information  eoncerning  polarization  measurements  in  liquid  HF. 

Prom  the  curves  of  applied  potential  vs  current  (Fig.  6  ,  upper  curve, 
and  Fig  7  )  we  liave  no  way  of  assigning  the  limiting  processes  to 
anode  or  catliode  However,  in  auxiliary  expi'riments  (Fig.  6  ,  lower 
curves)  vheic  platinum  cli<ii.)de«  are  substituted  lor  nickel  electrodes, 
reasonable  assurance  is  providid  that  the  cathode  can  support  any 
curient  and  that  all  ra tc - 1 imi t mg  processes  can  be  associated  with 
electrode  reactions  occuiiing  at  the  anode 
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The  Three-Electrode  System.  The  three-electrode  system  permits  direct 
determination  of  an  anodic  or  cathodic  polarization  curve.  Potential 
is  applied  between  the  electrode  being  studied  and  an  auxiliary  electrode. 
Potentials  are  measured  between  a  third,  or  reference  electrode,  eind  the 
electrode  being  studied. 

It  was  our  thought  that  a  reference  electrode  in  the  conventional  sense 
(i.e.,  nonpolarizable)  was  not  necessary  to  obtain  useful  information 
in  our  systems.  Rather,  if  an  electrode  could  be  found  \diich  would 
maintain  a  steady  potential  in  our  systems,  it  could  be  used  to  monit'jr 
any  changes  occurring  at  the  test  electrode  In  our  measuring  circuit, 
we  are  not  drawing  any  current  and  so  the  requirement  that  the  third 
electrode  keep  a  steady  potential  as  a  function  of  current  is 
obviated.  It  was  experimentally  determined  that  a  platinum  wire  elec¬ 
trode  met  the  above  stated  requirements  for  the  ihird  electrode.  This 
electrode  was  placed  (Fig.  8  )  in  close  proximity  to  the  anode  so 
that  any  contribution  from  IR  drop  would  be  negligible. 

The  potential  between  a  platinum  wire  electrode  and  a  nickel  rod  in 
anhydrous  IIF  was  found  to  be  about  0  08  volt.  \  current  was 
then  passed  between  the  nickel  rod  and  an  additional  nickel  rod  which 
served  as  an  auxiliary  electrode.  The  current  was  removed,  cmd  the 
three  electrodes  were  shorted  so  that  an  equilibrium  condition  could 
be  achieved  in  a  short  time  The  open  circuit  potential  between  the 
nic.iel  rod  and  the  platinum  wire  electrode  was  found  to  be  approximately 
0.07  volt  A  similar  experiment  was  conducted  using  a  nickel  wire 
electrode  The  open  circuit  potential  before  and  after  electrolysis 
between  this  electrode  and  the  test  electrode  was  found  to  be  approxi¬ 
mately  0  23  volt  The  formation  of  a  yellow  film  on  the  nickel  wire 
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was  noted.  Although  either  platinum  or  nickel  would  have  been  satis¬ 
factory  for  the  reference  electrode,  platinum  was  selected  because 
chemical  attack  on  the  wire,  \... ...h  might  affect  the  potential,  was 

considered  less  likely  The  reference  electrode,  which  was  immersed 
in  anhydrous  IIF  and  separated  from  the  cell  by  a  porous  Teflon  plug, 
was  used  to  determine  the  effect  upon  anode  potential  resulting  from 
gradually  increasing  the  current  flow  while  electrolyzing  anhydrous 
I-r  (Mii^I.csou,  dii’t't  L  from  cylinder).  In  such  a  system,  the  applied 
potential  (E!^)  can  be  considered  to  be  the  sum  of  the  potentials  at 

the  anode  (E  ),  the  cathode  (E  ),  and  the  IR  drop  through  the  solution. 

&  c 

E  =  E  +  E  *  m  (1) 

t  a  c 

The  lowr  curve  (Fig  9  )  represents  the  potential  difference  between 

the  anode  and  the  reference  electrode  Since  there  is  no  current 

flow  between  these  two  electrodes,  it  is  reasonable  to  state  that  the 

observed  changes  in  potential  reflect  the  changes  occurring  at  the 

anode  as  a  result  of  electrolysis  Tt  is  apparent  that  the  two  curves, 

E.  ,  .  and  E.  .  are  very  similar  Consideration  of  Eq.  1  leads 
Applied  Anode 

to  the  conclusion  that  the  contributions  of  E  and  of  IB,  while  small, 

c 

are  proportional  to  current  That  the  E^  and  IB  components  are  small 
is  of  primary  importance  since  there  is  an  implicit  assertion  that 
the  catliode  can  support  any  current  wliich  would  normally  be  used,  that  it 
IS  relatively  nonpolarizable ,  and  that  .  ly  rate-limiting  or  current- 
dc  ..ermining  steps  are  a  result  of  processes  occurring  at  the  anode. 

This  IS  111  direct  agreement  with  our  work  on  the  lIF-N^Oj^  system  wherein 
it  was  shown  that  an  increase  in  anode  area  results  in  a  decrease  in 
observed  polarization,  wtiile  a  change  in  cathode  area  was  without 
effect  Further,  when  platinum  was  substituted  for  nickel  as  a  cathode 
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material  (nickel  anode),  tie  polarization  curves  were  similar,  again 
indicating  that  the  process  is  under  anodic  control.  This  is  shown 
convincingly  in  Fig  10  which  represents  the  experimentally  determined 
c.thodic  polarization  c  .ves.  It  can  be  seen  that  the  cathode  is 
virtually  nonpolarized  over  the  potential  range  investigated. 

The  potential  between  platinum  and  nickel  was  checked  before  and 
after  cathode  and  anode  potei.tial  measurements.  In  both  cases,  the 
potential  dropped  from  an  initial  value  of  01  volt  to  0.07  volt, 
referred  to  the  nickel  electrode 

It  is  worthwhile  to  assess  the  implications  of  the  study  using  three 
electrodes  winch,  perhaps,  are  not  immediately  apparent.  In  the 
system  studied,  the  mechanistic  interpretations  using  three  electrodes 
are  identical  to  those  derived  using  the  results  obtained  from  two 
electrodes  plus  some  auxiliary  experiments.  This  is  fortuitous  since 
the  cathode  is  relatively  nonpolarizable,  so  ti.at  this  two-electrode 
system  can  be  treated  qualitatively  as  a  reference  electrode  (cathode) 
monitoring  the  test  electrode  (anode). 

The  two-electrode  system  fails,  however,  as  we  study  more  complicated 
systems;  systems  in  which  over-all  processes  might  be  under  alternate 
anodic  and  cathodic  control  or  mixed  control.  Such  situations  are 
more  frequently  encountered  in  electrochemical  studies  This  is 
evidenced  by  the  increasing  use  of  three  electrodes  in  aqueous  systems. 
The  development  of  a  thud  electrode  in  IIF  systems  then,  in  effect, 
opens  a  new  avenue  of  approach  to  elucidating  electro  hemical  mechanisms. 
The  results  of  such  studies  would  permit  researchers  to  select  the  par¬ 
ticular  electrode  which  would  be  most  effective  in  the  achievement  of 
a  desired  product,  as  well  as  the  optimum  operating  conditions. 
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ELECTROCHEMICAL  SYNTHESIS- -SMALLER  CELL 

The  synthesis  of  compounds  containing  N,  0,  and  F  by  the  electrolysis 
of  solutions  of  HF  and  N-0  compounds  was  started  in  the  smaller  elec¬ 
trolytic  cell  (Fig  11  )  This  work  was  intended  to  show  idiat  types 

of  compounds  could  be  synthesized  and  the  effects  of  changes  in  start¬ 
ing  materials,  additives,  and  experimental  conditions.  Since  the 
starting  materials  in  this  work  were  of  relatively  high  oxygen  content, 
it  is  not  surprising  that  the  products  \diich  were  found  invariably 
contained  oxygen  as  well  as  fluorine. 


HF-N2O4 


Electrolyses  of  IIF-N^O^  solutions  at  four  different  mole  ratios  were 
carried  out.  At  a  mole  ratio  of  12*1  (IIF-N^O^),  oxygen  was  essentially 
the  only  product;  vdiile  at  24  1,  a  m  . jor  yield  of  OF^  and  a  minor 
yield  of  NO^F  were  found  At  a  ratio  of  34rl,  significant  yields  of 
both  OF,,  and  NO^F  were  found  in  addition  to  oxygen.  The  34:1  ratio  was 
chosen  because  it  is  in  the  region  of  minimum  cell  impedance.  At  a 
ratio  of  77' 1,  no  NO^F  was  found;  OF,,,  N^O,  0^,  and  H^  were  the 
principal  products  The  N,,0  and  H,,  were  probably  a  result  of  continued 
reduction  at  the  cathode  following  partial  reduction  of  the 
was  calculated  that  more  than  sufficient  current  had  passed  to 
accomplish  this  result  The  34’ 1  run  was  repeated  with  electrolytically 
dried  HF  and  appeared  to  give  only  a  slightly  improved  yield  of  OF^ 
and  NO^F. 
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HF-N204-Ba8e8 


The  electrolysi8  of  a  solution  of  IIF-NgO^-KF  (mole  ratio,  33:l-0  83) 
reaulted  in  reduced  yielde  of  NO^F,  although  correspondingly  more  OFg 
was  produced  The  substitution  of  IlgO  for  KF,  with  the  drying  step 
eliminated  (mole  ratio  IIF-N^Oj^-.H^O.  3^1‘0  67),  gave  OF^  and  NO^F  in 
about  the  same  ratio  as  when  the  KF  additive  was  used  The  voltage 
required  was  6  4  at  1  07  amperes,  increasing  to  10.0  at  0  4  ampere  by 
the  end  of  the  run  In  the  other  experiments,  the  voltage  changed 
only  slightly  during  the  runs  The  low  over-all  cell  conductivity 
(high  over-all  cell  resistance)  is  a  considerable  disadvantage,  causing 
heating  if  operation  at  even  reasonable  current  levels  is  to  be 
maintained  Therefore,  water  should  be  considered  an  undesirable  addi¬ 
tive,  especially  in  large  quantities  The  addition  of  strong  bases, 
such  as  KF  and  11,,0,  appears  to  deter  the  synthesis  of  NO^F. 


11F-11N0-; 


The  synthesis  of  NO  v  from  IIF-N,,0,  solutions  suggests  the  presence  of 
nitrate  according  to  the  following  equalions 


2IIF 


^2^4 


NO 


IIF. 


HN0_ 

•> 


211F  -  UNO.  1I.,N0_  .  III.  ■ 

>  2  )  2 

The  H,,N()_  1011  then  ieact“  ns  follows 


311F  -  211  AO. 
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A  similar  result  should  therefore  be  obtainable  from  the  electrolysis 
of  anhydrous  HNO^  dissolved  in  HF.  In  one  experiment,  Pb(N0^)2  vas 
used  as  a  source  of  anhydrous  HNO^  because  1^F2  1b  only  slightly 
soluble  in  HF 

Pb(N0^)2  +  6HF  =  PbFg  +  +  2HF2' 

The  experiment  (mole  ratio  IlFPb(N0^)2  =  34: l)  yielded  mostly  NO^F  as 
well  as  some  OF^. 


HF-IINO^-Bases 


The  substitution  of  the  soluble  base  NaNO^  (mole  ratio  HF:NaNO^,  17:l) 
for  Pb(N0^)2  caused  a  reduction  in  the  yield  of  NO^F  compared  to  the 
yield  of  OF,^  The  effect  of  water  was  determined  by  electrolyzing  a 
solution  of  IlF-HNO^-H^O  (mole  ratio  of  17*1:0  4)  obtained  by  dissolving 
wtiite  fuming  nitric  acid  in  IIF  Even  less  NO^F  was  found  than  when 
the  HF-NaNO^  solution  was  used  It  seems  apparent,  therefore,  that  in 

the  electrolysis  of  both  IIF-IINO^  and  HF-N^O^  solutions,  the  presence 
of  base  reduces  tlie  yield  of  NO^F. 


Wlien  the  solution  from  tlie  cell  was  poured  into  water,  brown  fumes, 
apparently  N0,j,  were  evolved  Since  these  fumes  were  not  evolved  from 
the  reaction  of  IIF-IINO^  solution  with  water,  reduction  of  NO^  must 
have  taken  place  during  electrolysis  A  similar  reduction  probably 


occurred  in  the  nF-X,,0,^  experiments 


L;8 


R-3505 


S.'fi  p  ni  \TF  Rfv  *  "Irt 


A  DIVISION  OP  NOATH  AMSNICAN  AVIATION.  INC 


» 

HF-NaN02 


The  electrolysis  of  the  solution  of  IIF-NaNO^  (mole  ratio  17:l)  yielded 
mostly  NOg,  with  some  N^O  and  a  trace  of  FNO.  It  is  surprising  that 
even  a  small  amount  of  FNO  was  detected  because  it  is  known  to 
coordinate  with  the  IIF  (Ref  7  ,  8,  9  )  and,  therefore,  would  be 
expected  to  remain  in  the  cell.  The  presence  of  NOg  in  quantity  in 
the  gaseous  products  is  surprising  It  has,  heretofore,  not  been 
detected  in  more  than  trace  amounts,  presumably  because  it  would  remain 
dissolved  in  the  IIF  It  is  most  probable,  therefore,  that  either  an 
unknown  compound  decomposed  in  the  system,  forming  NO^  as  one  of  the 
products,  or  that  oxygen  was  formed  at  the  anode  vdiich  reacted  with 
NO  (from  NaNO^  reaction  with  IIF)  in  the  gas  phase  to  form  NOg. 

J 

ELEC  l  ROCIIEMICAL  SYNTHES  IS- -LARGER  CELL 

IIF-NoOfi 


The  first  two  experiments  (Table  1  A104-32,  -38)  were  intended  to  be 
essentially  duplicates  of  previous  work  with  the  IlF-N^Oj^  system  to 
clierk  the  operation  of  the  larger  electrolytic  cell  and  associated 
equipment  The  only  significant  change  in  reaction  conditions  was  a 
reduction  in  coolant  temperature  from  0  to  -20  C  In  addition  to  the 
lower  temperature,  the  heat  transfer  characteristics  of  the  larger 
metal  cell  were  better  than  the  smaller  Kel-F  cell  used  in  the  afore¬ 
mentioned  electrolyses 
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Both  experiments  yielded  substantial  quantities  of  NO^F  and  OF^,  as 
expected  from  our  previous  results  In  addition,  large  yields  of 
ozone  were  also  obtained  vdiich  is  significant  because  an  unstable 
compound  has  now  been  made  in  substantial  quantities  under  the  new 
experimental  conditions  It  might  be  inferred  from  this  preparation 
that  under  the  appropriate  chemical  environment  similarly  unstable 
N-O-F  compounds  might  also  be  prepared 


The  preparation  of  ozone,  by  electrolytic  means,  is  also  of  interest 
in  connection  with  the  electrolytic  preparation  of  nitrogen  tri- 
fluoride  from  molten  ammonium  bifluoride  Buff  (Def  lo)  has  stated 
that  explosions  occurred  in  a  trap  during  tlie  collection  of  the  gases 


from  the  electrolytic  cell  because  of  the  accumulation  of  0, 


It 


would  seem  unlikely,  however,  that  0.^  could  have  been  prepared  in 
Huff's  apparatus,  because  the  electrolytic  cell  was  operated  at  about 
125  C  At  this  temperature,  ozone  would  undergo  rapid  thermal 
decomposition  Another  interesting  aspect  of  our  ozone  preparation 
IS  that  it  has  been  routinely  tiansferied  by  standard  vacuum  techniques 
and  was  observed  to  boil  rather  violently  In  only  one  instance  has 
an  explosion  been  observed  and  this  happened  when,  inadvertently, 
excessive  ozone  pressuie  was  permitted  to  build  up  in  a  trap  contain¬ 
ing  about  1  or  2  milliliters  of  liquid  ozone  The  explosion  occurred 
a  few  moments  after  a  valve  was  opened  suddenly  to  release  the  pressure. 
One  possible  explanation  for  the  bserved  stability  is  that  the  method 
of  preiKiration  would  exclude  any  oxidi/ible  impurities  In  addition, 
the  Intel lor  surfaces  of  the  vacuum  system  would  be  fairly  inactive 
because  of  their  oxposmc  to  active  fluorine  compounds 
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Previous  work  has  indicated  that  the  addition  of  bases  would  inhibit  the 
synthesis  of  NO^F  from  HF-N^O^.  It  was  postulated  that  the  addition  of 
an  acid  such  as  BF^  might  complex  the  ion  even  ii*  HF  solution  jo 

that  would  form  in  preference  to  and  NO^  (Ref.  11  ). 

N„0,  +  4I1F  =  +  NO""  +  2nF-* 

2  4  2  3  2 

V4  ^  =  ^‘^2^ 

If  the  mechanism  shown  by  the  last  equation  also  applies  in  an  IIF  system, 
then  we  would  not  expect  MO^F  as  a  product.  An  electrolysis  of  HF-NgO^-- 
OF^  (Table  1,  A104-41)  has  yielded  identical  products  to  those  obtained 
from  previous  runs  without  DF^  The  substitution  of  the  much  stronger 
acid  SbF^  for  BF^  (Table  1.  A104-48)  also  yielded  virtually  identical 
products.  It  might,  therefore,  be  concluded  thav  such  complexing  does 
not  take  place  in  HF  solution  probably  because  insufficient  energy  is 
available  to  dissociate  the  1I.F-N,,0^  complex  In  both  cases,  however, 
wliite  solids  were  found  in  the  bottom  of  the  cell  viiich  probably  were 
the  corresponding  nitronium  salts  Although  it  is  possible  that  all  the 
DF.^  was  precipitated  by  the  from  the  electrolyte,  a  significant 

reduction  in  conductivity  should  have  resulted;  since  this  did  not  occur, 
apparently  a  large  portion  of  both  the  aiid  BF^  must  have  remained 

ill  Sill  111  10.1 

The  strength  of  the  nf-N,,0^  complex  was  indicated  by  another  observation. 
I'pon  adding  15  milliliters  of  to  157  milliliters  of  electrolytically 

dried  I1I'’( -24  C),  a  reduction  111  total  volume  to  148  milliliters  took 
place  Tins  observation  is  consistent  with  a  paper  (Ref.  1  )  which 
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stated  that  the  maximum  density  in  the  HF-NO^  system  of  1.61  g/cc  at  20  C 
occurs  at  a  mole  ratio  of  1:1.  This  density  is  higher  than  either  HF  or 
NOg  at  the  same  tempe  rature . 

In  two  additional  runs  (Table  1,  A104-49,  A195“Ol)  in  the  HF-NgO^  system 
with  large  amounts  of  ^2^4*  obtained.  The  measured  applied 

potentials  were  lower  in  these  runs  than  those  measured  for  the  runs  in 
which  ozone  was  obtained.  In  addition,  the  solution  resistances  of  these 
runs  were  found  to  be  greater  (Fig.  3  ).  It  would  be  reasonable  to  con¬ 
clude  that  the  lower  potentials  observed  can  be  ascribed  to  a  different 
rate  controlling  reaction,  probably  one  associated  with  the  production 
of  oxygen.  It  is  interesting  to  note  that  where  the  initial  cell  poten¬ 
tial  was  down  to  4.0  volts,  almost  no  fluorination  occurred. 


flfciio 

While  NO  has  been  found  to  dissolve  in  anhydrous  HF  to  form  a  conducting 
solution,  the  rate  of  solution  was  quite  slow  compared  to  the  violent 
reaction  experienced  vtien  dissolving  ^2^4  **  solution  of  NO  in  HF 

was  electrolyzed  (Table  1,  A193*03),  the  products  found  in  the  cold  trap 
were  NO^F,  NgO,  HNO.^  and  NgO^  The  following  sequence  of  over-all  cell 
reactions  was  thought  to  be  responsible  for  the  synthesis  of  NO^F  and 
OFg  with  the  HF-NO  electrolyte; 

2N0  *=  NgO  1/2  Og 

2N0  Og  =  NgO^ 

\  0,  +  4HF  ^  NO"^  +  H-NO,"^  +  2HF- 
c:  4  23  2 
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Thus,  after  all  the  NO  was  gone,  the  system  was  somewhat  similar  to  the 
initial  state  of  the  HF-NgO^  system  and  some  of  the  same  products  would 
have  been  expected  This  hypothesis  was  tested  in  one  run  (Table  1, 
A193-08)  which  was  conducted  at  a  low  current  density.  The  products 
from  the  first  part  of  the  run  were  N^O  and  Nitrogen  tetroxide 

must  also  have  been  produced  in  solution  by  the  same  reaction  if  not  by 
direct  synthesis  at  the  anode  The  products  from  the  second  part  of 
the  run  were  N^O,  NO^F.  and  OFg  as  expected  from  the  above  hypothesis. 

In  addition,  a  small  amount  of  NF^  was  formed.  This  was  encouraging 
because  it  showed  that  an  N-F  bond  could  be  formed  under  the  experimental 
conditions 

The  effect  of  increased  current  density  was  tested  in  an  additional  run 
(Table  1,  A195-07)  l«i  this  run,  only  N^O  and  NgO^  were  found,  probably 
because  the  experiment  ended  before  fluorinated  products  appeared.  The 
experiment  was  stopped  because  excessively  high  voltages  were  required 
to  maintain  current  flow 

From  the  results  of  this  and  previous  runs,  there  would  seen  to  be  a 
maximum  current  density  peculiar  to  each  system  beyond  which  excessive 
polarization  occurs 


HF-N0‘  Porous  Nickel  Anode 


A  run  (Table  il,  A19J-‘J0)  was  conducted  with  a  porous  nickel  anode 
through  wliich  gaseous  NO  was  passed  The  products  found  were  NgO  and 
along  with  a  large  quantity  of  NO  which  passed  througli  the 
cell  luichanged  This  result  is  essentially  identical  with  the  first 
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Run  A193-23  conducted  using  nonel  anode. 

(a)  Mole  ratios  not  deteminable ;  reactant  gases  flowing  through  the  porous 
nickel  at  a  rate  of  33  to  40  cc/nin. 

Helium  flow  in  -19 »  and  -23  was  30  to  35  cc/min. 
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part  of  a  previous  run  (Table  1,  A195-08) .  It  could  be  inferred  from 
a  comparison  of  the  two  runs  that,  in  this  experiment,  the  reaction 
never  passed  the  first  stage  because  the  anode  was  continuously 
supplied  with  NO. 


HF-NO.  Monel  Anode 


A  lonel  anode  was  used  to  electrolyze  a  solution  of  NO  in  anhydrous  HF 
(Table  2,  A195-23)  so  that  the  effects  of  an  expected  greater  anode 
polarization  could  be  ascertained  The  results  were  virtually  identical 
to  the  previous  run  with  a  nickel  anode  (Table  1,  A193-08).  Although 
possible,  it  is  not  likely  that  the  run  was  greatly  influenced  by  the 
higher  temperature  of  operation'  idiich  caused  a  corresponding  reduction 
in  the  solubility  of  NO 


IIF-BNO 


An  attempt  (Table  2,  A19'j-09)  was  made  to  prepare  a  solution  of  FNO 
in  IIF  by  the  reaction  of  NOCl  with  liquid  IIF  (Ref  8  ).  So  much  diffi¬ 
culty  was  experienced  with  corrosion  of  the  stainless-steel  system  by 
tlie  NOCl  that  the  results  of  the  experiment  were  inconclusive.  Therefore, 
it  was  decided  to  prepare  FNO  by  a  route  not  involving  chlorine  so  that 
severe  corrosion  difficulties  from  chlorine  could  be  avoided.  Approxi¬ 
mately  2.5  milliliters  of  I’NO  were  obtained  by  scaling  up  a  laboratory 


C 


aused  by  partial  equipment  failure 
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preparation  described  in  the  literature  (Ref,  12).  The  electrolysis 
of  the  resulting  solution  in  IIF  (Table  2,  A195-19)  did  not  yield  any 
compounds  containing  nitrogen.  Instead,  extensive  corrosion  of  the  anode 
was  found.  This  latter  result  is  not  surprising  in  light  of  the  report 
(Ref.  7  )  that  IIF-FMO  complexes  dissolve  most  metals  in  Groups  V,  VI, 

VII  and  VIII  No  attack  was  found  on  the  stainless-steel  cell  or  upon 
the  nickel  cathode;  however,  the  solution  of  INO  used  in  this  study  is 
much  more  dilute  than  the  complexes  discussed  in  the  literature.  Complete 
decomposition  and  attack  of  FNO  upon  stainless  steel  was  found,  however, 
wlien  13  grams  of  FNOwetv  stored  for  64  hours  in  a  soainless-steel 
cylinder  at  room  temperature. 


Solubility  of  N2O  in  IIF 


A  sample  of  spent  electrolyte  from  an  IIF-NO  run  (Table  2,  A195-23)  was 
analyzed  and  found  to  contain  dissolved  N^O  Since  it  is  planned  to  use 
N^O  as  a  solute  in  future  electrolysis,  it  was  considered  desirable  to 
check  the  solubility  of  N^O  in  IIF  because  a  literature  survey  did  not 
yield  any  such  data  The  experimental  data  obtained  are  plotted  in 
Fig  12  .  The  isotherms  appear  to  follow  Henry's  law  throughout  the 
range  considered;  the  Henry's  law  constants  are  7  x  10  at  -23  -1  G  and 
53  X  10^  at  78  5  ±1  C 
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SUMMARY 


In  line  with  the  objectives  of  the  project,  as  stated  in  the  introduction, 
work  started  with  an  investigation  of  the  HF-NgOj^  system.  It  was  found 
that  the  solution  had  the  high  electrical  conductivity  desirable  for 
electrolytic  synthesis  The  variation  of  conductivity  with  changes  in 
electrolyte  composition  was  investigated  and,  from  the  data  obtained, 
a  working  range  of  electrolyte  composition  was  selected  for  the  synthetic 
work  Indeed,  it  was  found  that  wlien  electrolyses  were  cond,.cted  outside 
of  the  indicated  range  in  the  IIFtN  0  system,  yields  of  NO  F  decreased 

^  H  j 

markedly. 


Other  investigations  were  conducted  to  narrow  the  choice  of  operating 
conditions  and  to  aid  in  the  cell  design  For  example,  it  was  found 
that  the  choice  of  anode  materials  was  restricted  to  nickel  or  platinum, 
but  that  stainless  steel  was  a  more  suitable  cell  material  because  it 
tended  to  build  up  a  film  that  was  electrically  insulating  and  would, 
therefore  restrict  reaction  to  the  cell  electrodes  Other  experiments 
were  conducted  wliicii  suggested  limits  for  the  siees  of  electrodes  and 
ranges  of  current  densities  to  be  used 


Electrolyses  conducted  with  the  IIF  N,jOj^  system  have  generally  yielded 
OF,^  and  NO^F  as  products  This  work  appears  to  be  the  first  electro¬ 


chemical  syntliesis  of  NO^F 


It  was  postulated  that  NO^F  pv^bably 


resulted  from  the  fluorination  of  UNO,  formed  wlien  N„0,  was  dissolved 

3  2  4 


in  IIF 


The  above  premise  was  strengthened  wiien  it  was  found  that  NO^F 
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cuuld  also  be  obtained  from  the  electrolyses  of  HF  HNO^  solutions.  During 
the  electrolysis  of  HF  at  a  lover  temperature  of  operation,  ozone 

also  was  synthesized  It  is  of  interest  that  the  ozone  prepared  by  this 
method  appears  to  be  more  stable  to  explosive  decomposition  than  that 
prepared  by  the  usual  routes 

The  formation  of  0^,  as  veil  as  NO^F,  suggested  the  presence  of  too  much 
oxygen  in  relation  to  the  amount  of  nitrogen  in  the  electrolyte  for  the 
synthesis  of  F-N-0  compounds  containing  large  ratios  of  fluorine  to  nitro¬ 
gen  Consequently,  emphasis  was  shifted  to  systems  with  lower  oxygen 
content  Experiments  with  the  HF  NO  system  yielded  no  fluorinated  products 
during  the  first  part  of  the  electrolysis.  After  prolonged  electrolysis, 
however,  N0.^F  vas  again  prepared  It  is  thought  that  the  NO  was  oxidized 
to  NOg  at  the  anode  vhich  subsequently  reacted  with  the  HF,  forming 
nitric  acid  After  a  substantial  quantity  of  NO  vas  oxidized,  it  was 
then  possible  to  electrof luorinaie  the  nitric  acid,  forming  NO^F. 

The  pressure - composi 1 1  on  relationship  was  determined  for  the  HF-NgO  system 
and  has  demonstrated  some  solubility  of  NgO  in  HF.  It  is  anticipated, 
however,  that  a  conductivity  additiv^e  will  have  to  be  used  because  it  is 
not  exjiected  that  the  solution  will  be  sufficiently  conductive 

A  series  of  experiments  has  been  earned  out  which  established  the 
reproducibility  of  a  platinum  wire  for  use  as  a  reference  electrode  to 
monitor  anode  potential  cliangt  s  during  electrolysis  It  is  expected 
that  sucli  measurements  will  aid  in  interpretation  of  experimental  results. 
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EXPERIMENTAL  DETAILS 

ELECTROCHEMICAL  AND  CHEMICAL  DATA 
Reaction  of  HF  with  N2O4 

Nitrogen  tetroxide  (2  5  milliliters.  40  m  moles)  was  poured  slowly 
into  HF  (4  2  milliliters;  210  m  moles,  Matheson)  contained  in  a 
translucent  Kel-F  tube  All  reagents  and  containers  were  cooled  in 
ice  before  use  The  N.,0,  dissolved  with  the  formation  of  a  lemon- 
yellow  solution,  accompanied  by  violent  hissing  and  initial  evolution 
of  fumes  The  vapor  above  the  solution  was  light  brown  in  color 

Wlien  ^2^4  ^  milliliters;  8  m  moles)  was  added  to  IIF  (24  5  milli¬ 

liters;  1210  m  moles),  the  addition  was  accompanied  by  violent  hissing. 
However,  no  hissing  was  noted  upon  the  addition  of  more  ^2^4 


Preliminary  Equipment  and  Procedures 

Power  was  supplied  by  a  continuously  variable,  unfiltered,  full-wave 
rectified  supply  and  measured  by  calibrated  panel  meters  A  filtered 
power  supply  originally  ordered  for  this  work,  Knight  87FX505,  was 
substituted  for  the  unfiltered  supply  No  significant  difference  could 
be  found  in  the  electrolysis  of  IlF-N^O^,  even  though  the  ripple  factor 
was  reduced  from  47  percent  to  a  maximum  of  1  3  percent  Two  different 
procedures  wert  ..sed;  in  both,  however,  the  electrodes  were  inserted 
into  the  open  vessels  from  above 


R-3'iO'i 
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The  ^2^4  poured  slowly  into  the  HF  .  All  vessels,  graduated  cylinders, 
and  reagents  were  cooled  with  ice  before  using,  and  the  mixed  solution  was 
cooled  for  a  few  minutes  before  electrolyzing. 


Electrolysis  Procedure  1.  A  translucent  Kel-F  beaker,  37  millimeters  ID, 

65  millimeters  deep,  with  3~n>illi>neter  walls,  was  used.  The  strip  elec¬ 
trodes^,  7  millimeters  in  width,  were  imnersed  to  a  depth  of  about  18 
millimeters  in  the  solution  and  were  spaced  13  millimeters  apart.  The 
beaker  was  immersed  in  an  ice  bath  over  the  solution  level  during  electrolysis. 

Electrolysis  Procedure  2.  A  transparent^  Kel-F  beaker,  26  millimeters  ID, 

33  millimeters  deep,  with  3 -2-mi llimeter  walls,  was  used  with  10  x  10 
millimeter  sheet-metal  electrodes.  The  electrodes  were  fully  imnersed 
into  the  solution  and  connected  to  the  power  source  by  an  extension  of 
the  same  metal,  I  to  2  millimeters  wide.  Spacing  was  10  millimeters 
between  electrodes 


“No  attempt  was  made  to  compensate  for  the  loss  of  HF  or  ^2^4 
vaporization . 

^If  strip  electrodes  were  unavailable,  then  rods  were  used  in  such  a  way 
that  an  equivalent  area  was  exposed 

'The  use  of  a  transparent  Kel-F  beaker  permitted  the  visual  observation 
of  the  electrolysis  and,  thereby,  the  initiation  of  gas  evolution. 
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Over-all  Cell  Impedance 

The  electrode  assembly  was  made  by  inserting  two  0.020-inch-diameter 
wires,  spaced  10  millimeters  apart,  into  a  Teflon  Block  until  the 
wires  protruded  0.2  millimeter.  The  block  was  then  placed  into  an  ice- 
cooled  Kel-F  beaker.  A  Teflon-tipped  stirrer  was  used  to  agitate  the 
solution  continuously. 

In  the  measuring  circuit  (Fig,  I3  ),  the  function  of  the  1K34A  germanium 
diode  was  to  compress  the  scale.  With  the  diode  connected,  a  reading 
of  1.0  represented  an  actual  current  of  5.33  milliamperes,  whereas  a 
reading  of  0.23  corresponded  to  0.32  milliampere. 


Transistorized  Pulse  Generator 


The  pulse  generator  (Fig.  14  )  used  for  the  intermittent  direct- current 
experiments  is  an  adaptation  of  a  Power-Drive  Time-Base  Generator 
(Ref.  13  ),  modified  so  that  both  the  pulse  duration  and  repetition  rate 
could  be  controlled.  In  addition,  a  13-ohia  resistdr  was  added  to  limit 
the  peak  c.irrent  of  the  2N1039  to  prevent  exceeding  its  maximum  current 
rating. 


Polarization  Curves  of  HF  Solutions  With 
Two-Electrode  Systems 

The  electrolysis  of  anhydrous  HF  (Mai,heson)  was  conducted  with  nickel 
electrodes  and  with  platinum  electrodes,  using  Electrolysis  Procedure 
2.  The  data  (Fig  7  )  also  include  that  from  the  electrolysis  of 
IIF-H^O,  (mole  ratio  17:l)  under  the  same  conditions. 
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Figure  14.  Transistorized  Pulse  Generator 
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Electrode  Potential  Measurements 


The  electrolytic  cell  used  for  the  electrode  potential  measurements  is 
shovn  in  Fig.  8  The  anode,  cathode  and  Kel-F  electrode  were  heat 
sealed  into  female  polyethylene  connectors  Male  connectors  were  forced 
into  holes  in  the  polyethylene  cover,  forming  an  adequate  seal.  After 
cooling  in  a  salt-ice  slush,  the  cell  was  filled  with  anhydrous  HF 
directly  from  a  cylinder  through  an  electrode  opening  (Fig.  I3  ).  After 
filling,  the  nitrogen  stream  was  increased,  the  HF  connector  was  removed, 
and  the  electrode  was  replaced  After  sufficient  HF  had  diffused  through 
the  porous  Teflon,  the  platinum  electrode  and  stainless-steel  tubing 
were  inserted  into  the  Kel-F  tube  forming  a  sealed  system.  The  pressure 
above  the  HF  solution  in  the  Kel-F  tube  was  maintained  essentially 
constant,  minimizing  diffusion  of  HF  through  the  porous  Teflon  even 
though  the  HF  level  in  the  polyethylene  container  changed  because  of 
vaporization,  chemical  reaction,  or  bubble  formation  The  electrical 
circuitry  (Fig  I'i  1  was  assembled  so  that  the  anode  was  connected  to 
the  electrometer  ground  Both  cell  input  voltage  and  reference  electrode 

potential  were  measured  therefore,  in  respect  to  the  anode. 


Anode  Materials 


Materials  other  than  Pt  and  Ni  have  been  examined  for  suitability  as 
anodes  in  the  electrolysis  of  HF-N^O^  The  following  were  found  to  be 
soluble  upon  immei'^ion  in  this  solution  Sn .  Pb,  Ti ,  Nb,  and  Ta.  Upon 
passage  of  an  electric  current,  Ag  Cd.  Zr,  Pd,  Mo,  W  and  Mn  dissolved 
rapidly  The  insoluble  metals  Cu.  Au,  Zn.  Fe.  Co  did  not  permit 
current  to  pass,  undoubtedly  because  of  the  formation  of  an  anodic  film. 
A  degree  of  conductivity  was  found  for  Cr  and  for  monel.  However,  an 
alloy  containing  Ni  and  (r  in  the  ratio  91.  did  not  permit  current 
to  pass. 
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Figure  15.  Electrical  Circuitry  for  Electrode  Potential  Measurement 
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Similar  behavior  was  found  with  Inco  A,  Hastelloy-C  and  Type  321  stain¬ 
less  steel.  However,  the  latter  two  alloys  and  monel  were  found  to 
be  satisfactory  as  cathode  materials. 

The  synthetic  work  has  been  based  on  nickel  for  both  anodes  and  cathodes, 
except  for  one  run  where  monel  was  used  as  an  anode. 


ELECTROCHEMICAL  SYNTHESIS— SULLER  CELL 


Equipment 

A  1-ampere  cell  (Fig.  11)  was  used  for  extended  electrolysis,  pulse, 
two-electrode  polarization,  and  synthesis  experiments.  The  nickel 
electrodes  were  held  by  3/l6-inch  nickel  rods  which  had  been  pressed 
through  a  Kel-F  plug.  The  l/4-inch  stainless-steel  inlet  and  exit 
tubes  had  been  previously  pressed  into  a  7/8-incb  hole  in  an  AN814-16C 
plug  The  body  of  the  cell  was  made  by  drilling  a  3/4-inch  hole  in 
a  1-inch  Kel-F  rod,  and  the  cell  was  joined  to  the  plug  with  an 
AN819-16C  nut.  The  entire  assembly  was  found  to  be  vacuum  tight. 


Procedure 


The  precooled  HF,  which  was  added  as  a  liquid  to  the  ice-cooled  cell, 
was  dried  by  electrolysis  before  proceeding  in  some  of  the  experiments. 
The  end  point  of  the  electrolysis  was  indicated  by  no  further  reduc¬ 
tion  in  the  current  through  the  cell.  At  this  point,  the  solute  was 
added  through  the  funnel,  the  cell  agitated,  and  electrolysis  started. 
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Helium  flow  was  maintaLned  tin  uugh  the  cell  during  all  operations,  except 
during  the  addition  of  reagents  When  it  was  necessary  to  add  solids 
to  the  IIf\  It  was  done  independently  of  the  cell  in  a  closed  polyethylene 
bottle  and  subsequently  poured  into  the  cell  The  cell  was  cooled  dur¬ 
ing  all  experiments  in  an  ice  bath 

The  gaseous  pioduct  flora  the  cell,  mixed  with  lie,  was  conducted  through 
a  stainless- stee  1  absorber  filled  with  \’al  pallets  (llaishaw)  to  absorb 
IIF  and  then  into  a  Kel-F-’  l  -tube  tooled  in  liquid  nitrogen  At  the  com¬ 
pletion  of  the  run.  the  l-tube  was  closed  off  from  the  absorber,  evacu¬ 
ated,  and  all  the  trapped  products  were  permitted  to  vaporize  into  a 
stainless-steel  collettion  cylinder  A  metal  Ml  cell  with  coated  Nat’l 
windows  was  filled  directly  from  this  cylinder  During  sorrre  of  the 
experiments  sartrples  of  tiorx  oridensable  gas  passing  through  the  Kel-F 
trap  were  taken  and  analyzed  in  tire  mass  spectrometer 
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Details  of  Fxper  irrrent 

The  details  of  tire  '‘vnthoi.-  work  are  -hown  in  lable«l  and  '2  As  in- 
dir’ated  the  voltogt  I'luiding'-  i  i-flert  the  lell  r  hariges  which  took  place 
from  the  bcginniiig  to  tin-  end  of  the  eieitiolyses  Ihe  ciirr’onl  flow 
was  maintained  e-»senti.i  1  1  v  r  oilplant  h^  the  (uri'Mit  rr'gulator  foi'  all 
riuis,  exreiii  as  no' id  f"!  .M'tT-OT  --1  and  -22  In  inn  AmT-OT,  the 
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protection  against  the  floor  ides 
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current  density  at  the  anode  was  increased  by  reducing  its  area  by  a 
factor  of  10,  making  it  impractical  to  maintain  constant  current  be¬ 
cause  of  excessive  voltage  During  runs  A195-21  and  -22  no  attempt 
was  made  to  regulate  current,  although  an  attempt  was  made  to  adhere 
to  the  current  and  voltage  relationships  normally  used  during  the 
electrolytic  drying  operation  Constant  current  is  not  used  during 
the  drying  operation  because  the  cell  resistance  rises  and  excessive 
voltages  would  be  required 


Equipment  and  Procedure 

The  experimental  equipment  (Fig  16  ,  17,  and  18)  consisted  of  a 

reactant  handling  system,  a  jacketed  stainless-steel  electrolytic  cell, 
condenser,  fluorine  absorber,  and  a  metal  and  Kel-F  vacuum  line. 

Total  system  pressure  was  measured  with  a  Pirani  vacuum  gauge.  For 
measuring  product  pressures,  a  metal-bellows  null  indicator  was 
employed  and  dried  nitrogen  was  used  to  balance  the  diaphragm  pres¬ 
sure  as  indicated  by  a  neon  bulb  (0,  Fig  17  ).  A  pressure  reading  was 
obtained  from  a  mercury  manometer. 

System  purging  was  accomplislied  by  feeding  dried  nitrogen  through  valve 
(M)  and  out  valve  (K)  To  back-purge  the  NaF  absorber  (X,  Fig.  l6  ), 
the  flow  was  directed  tlirough  valve  (A)  after  disconnecting  the  absorber 
from  the  condenser  The  coolant  system,  for  maintaining  essentially 
i-onstaiit  temperature  ui  the  cell  and  supplying  coolant  for  the  condenser, 
consisted  of  a  refrigeration  unit  with  a  copper  cooling  coil,  a  supply 
tank  (Fig  16  )  and  an  iiimiersion  piuiip  Coolant  was  pumped  through  the 
coiulensei  to  tlie  cell  Temperatures  were  recorded  on  a  Bailey  recorder 
by  means  of  copper-const antan  tliermocouples  (AWG  No.  36)  (Fig,  18  ) 
located  at  the  cntrante  to  the  condenser  and  at  the  exit  of  the  electro- 

1\  t  1  (  C  C'  1 1 


li-330 


1130-10/17/61-IA 


>icurp  If),  ripctrolysis  Aaapmbly 


H-  "l")!  l"| 


11 


M-O  Cr  E  TT  E 


II3O-IO/I7/6I-IB 

Figure  17.  Pumping,  Collection,  and  Pressure  Measuring 
Section  of  Vacuum  Line 
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Figure  18.  Disasaeinbled  View  of  Electrolytic 
Cell  and  Associated  Equinsent 
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The  electrolysis  reactions  were  performed  in  a  jacketed  stainless-steel 
cell  (Fig  18)  with  a  useful  liquid  capacity  between  40  and  360  milli¬ 
liters.  There  were  two  inlets  for  introduction  of  reactants,  an  inert 
gas  inlet,  a  connection  to  the  condenser,  an  opening  for  the  liquid 
level  probe,  and  a  bottom  drain  The  HF  was  added  to  the  cell  as  a 
liquid  through  polyethylene  tubing  from  the  storage  cylinder  (Fig.  16  ). 
A  piece  of  Kel-F  tubing  was  used  to  connect  the  ^2^4  ‘^yliJ^der  to  a 
glass  buret  from  which  the  liquid  ^2^4  metered  into  the  cell.  When 
BF^  was  used,  it  was  introduced  as  a  gas  from  a  cylinder  (Fig.  18  ). 

The  SbF^,  after  distillation,  was  added  as  a  liquid  from  a  glass  bulb 
through  Kel-F  tubing,  at  the  same  location  used  for  BF  . 


The  level  of  the  liquid  in  the  cell  was  found  by  using  a  piece  of  monel 
rod  covered  with  a  thin  Kel-F  sleeve,  except  for  the  ends,  as  a  level 
detector  and  an  ohnneter  as  an  indicating  device  Helium  was  used  as 
an  inert  carrier  gas  during  the  experiments  It  was  found  that  a  flow 
of  50  to  60  cc/min  was  needed  while  electrolytically  drying  the  HF 
to  prevent,  or  at  least  to  reduce,  the  severity  of  minor  explosions. 
However,  during  the  subsequent  electrolysis  the  flow  was  reduced  to  30 
to  35  cc/min  without  any  explosions  occurring 


Effect  of  Impurities 


In  most  experiments  one 
and  NO^F  have  been  found 
the  source  of  certain  of 
apparently  resulted  from 


or  more  products  such  as  CO  ,  SO  F  ,  C10,F 

w  MM  y 

Several  experiments  were  performed  to  trace 
the  more  important  impurities  The  NO^F 
the  use  of  dilute  nitric  acid  as  a  cleaning 


R-3505 


«  'n  R  Pi  XTE  »?EV 


98 


A  DIVISION  or  NORTH  AMSRICAN  AVIATION,  INC 


solution,  a  procedure  which  was  therefore  abandoned.  The  CIO^F  probably 
resulted  from  the  decomposition  of  Halocarbon  wax  at  the  porous  anode. 
The  HF  itself  is  also  a  source  of  impurities,  for  example,  SO^,  which 
probably  supplied  the  starting  material  for  the  small  amounts  of  ^^2^2 
found. 

Usually,  these  impurities  are  not  troublesomewhen  sufficient  quantities 
of  starting  materials  are  used.  When  mole  ratios  (HF: solute)  considera¬ 
bly  less  than  34:1  are  used,  then  products  resulting  from  fluorination 
of  the  impurities  may  become  troublesome. 


Porous  Anode.  A  porous  nickel  electrode  (Fig.  19)  was  fabricated  for 
use  as  an  anode  in  runs  where  one  of  the  reactants  was  a  gas.  Pre¬ 
liminary  teats  with  methanol  on  this  electrode  showed  that  a  minimim 
flow  of  40  cc/min  (GNg)  was  required  to  keep  gas  flowing,  as  well  as  to 
prevent  liquid  from  backing  through  the  porous  nickel  into  the  gas 
cavity. 


Electrical  Equipment 

The  circuit  of  the  power  supply  and  measuring  circuit  (Fig.  20)  is 
relatively  conventional  except  for  the  connections  to  the  cell.  As 
shown,  the  voltage  readings  were  taken  from  additional  terminals  on 
the  electrodes  to  avoid  any  errors  from  contact  resistances.  The 
recording  ammeter  and  voltmeter  were  actually  0-  to  1-milliameter 
strip-chart  recorders  connected  with  the  appropriate  shunts  and  series 
resistors 
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Figure  19*  Details  of  Porous  Electrode 
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Figure  20.  Power  Supply  and  Measuring  Equipnent 
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The  current  regulator  (Fig  )  was  designed  to  maintain  constant  current 
to  the  cell  regardless  of  cell  resistance  or  voltage  requirements.  It 
has  been  found  to  operate  satisfactorily  over  a  range  from  3  to  26  volts 
input  potential  and  from  0  1-  to  10-amperes  output  current.  Minimum 
voltage  drop  through  the  regulator  is  1  2  volts  at  10  amperes.  Maximum 
voltage  drop  is  limited  by  the  transistor  heat  dissipation  and  is  about 
7  volts  at  10  amperes  Considerably  higher  voltage  drops  can  be  tolerated 
at  lower  current  levels  or  if  forced  air  cooling  is  applied  to  the 
transistor  heat  sink  Regulatioi- has  been  found  to  be  adequate  even  when 
operating  at  or  near  maximum  current  For  a  600-percent  change  in  load 
resistance,  or  a  Ih-percent  change  in  input  voltage,  the  current  changed 
by  3  percent  Changes  of  these  magnitudes  are  not  normally  encountered 
in  practice  Certain  aspects  of  the  circuit  (Fig.  21  )  represent  changes 
from  the  usual  current  regulator  circuit  design.  The  No.  1141  lamp 
bulbs  act  as  ballast  resistors  and  provide  a  degree  of  current  regula¬ 
tion  permitting  operation  over  a  much  wider  input  voltage  range  than 
would  have  been  obtained  with  the  usual  fixed  resistor  The  6-ampere 
diodes  were  mounted  on  a  small  copper  heat  sink,  and  the  assembly  was 
mounted  on  the  extermr  of  the  regulator  Long-time  thennal  drift  prob¬ 
lems  in  the  diodes  were  virtually  eliminated  by  this  expedient. 


Performance  of  Electrolysis  Equipment 

The  change  in  operating  temperature  from  0  to  -20  C  has  proved  to  be 
important  in  determining  the  nature  of  the  products  of  the  electrolysis. 
Therefore,  certain  aspects  of  the  cooling  system  are  discussed  below. 

The  refrigerating  system  was  found  capable  of  keeping  the  coolant  tempera¬ 
ture  at  -20  C  while  operating  at  a  30-watt  input  to  the  cell.  The  cooling 
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efficiency  of  the  nev  jacketed  cell  design  was  indicated  by  a  very  rapid 
decrease  in  electrolyte  temperature  upon  interrupting  the  current  to 
the  cell,  and  by  a  very  slow  rise  in  electrolyte  temperature  upon  resump¬ 
tion  of  current  flow  The  change  in  electrolyte  temperature  was  indicated 
by  a  corresponding  change  in  solution  resistance. 
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FUTURE  WORK 


Continuation  of  the  electrolysis  of  N-0  compounds  containing  less  oxygen 
than  ^2^4  planned.  Compounds  such  as  INO  and  N^O,  which  would  not  be 
expected  to  lead  to  the  formation  of  HNO^,  are  of  particular  interest. 

It  is  intended  to  continue  to  use  the  platinum  reference  electrode 
developed  under  this  project  to  monitor  the  planned  electrolysis 
experiments. 
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